Introduction {#s1}
============

Drug nephrotoxicity is one of the most common causes of acute kidney injury (AKI) [@pone.0064329-Binswanger1], characterized by an increase in serum creatinine and urea levels and mild to severe proximal renal tubular damage. It occurs in 10--25% of patients treated with the therapeutic doses of aminoglycosides [@pone.0064329-LopezNovoa1], especially gentamicin.

An increasing body of evidence indicates that the mechanisms involved with gentamicin-induced nephrotoxicity are multifaceted [@pone.0064329-LopezNovoa1], [@pone.0064329-Quiros1]. The phenotypic alterations that contribute to acute kidney injury include hemodynamic changes [@pone.0064329-MartnezSalgado1], necrosis and apoptosis of renal tubular epithelial cells [@pone.0064329-ElMouedden1], [@pone.0064329-Edwards1], inflammatory response [@pone.0064329-Bledsoe1], [@pone.0064329-Kalayarasan1] and oxidative stress [@pone.0064329-Cuzzocrea1], In spite of the undesirable toxic effects of gentamicin, it is still widely used against infections by Gram-positive and Gram-negative aerobic bacteria due to its excellent antibacterial profile and efficacy [@pone.0064329-Chen1], [@pone.0064329-Ali1]. Given the largely ineffective therapeutic strategies for preventing the incidence of gentamicin-induced nephrotoxicity in clinic, the development of new and efficient therapeutic interventions is clearly needed.

The noble gas xenon (Xe) has been used as an anesthetic for more than 50 years. Xe has many of the properties of the ideal anesthetic including a small blood-gas partition coefficient [@pone.0064329-Goto1] and low toxicity. Moreover, Xe is not an environmental pollutant [@pone.0064329-Lachmann1], and does not induce significant alterations of the hemodynamic and cardiovascular patterns [@pone.0064329-Rossaint1], [@pone.0064329-Neukirchen1]. Interestingly, many studies have demonstrated that Xe also provided substantial organoprotective effects in acute injury of the brain [@pone.0064329-Ma1], [@pone.0064329-Yang1], heart [@pone.0064329-Weber1]--[@pone.0064329-Preckel1], and kidney [@pone.0064329-Ma2], independent of anesthesia.

The precise mechanisms underlying the protective effects of Xe remain to be elucidated. Ma et al. [@pone.0064329-Ma2] demonstrated that Xe preconditioning protected against renal ischemic-reperfusion injury (IRI) in mice through activation of the mammalian target of rapamycin (mTOR) pathway and subsequent increased expression of HIF-1α and its downstream effectors. Here we demonstrated that intermittent exposure to Xe protected rats against functional and morphological indices of gentamicin-induced nephrotoxicity. The renopretection provided by Xe was characterized by attenuation of tubular damage, apoptosis, and oxidative stress, but not inflammation. The possible mechanisms for this protection include up-regulation of miR-21, hypoxia-inducible factor 2α (HIF-2α) and its downstream effector vascular endothelial growth factor (VEGF).

Materials and Methods {#s2}
=====================

Animals {#s2a}
-------

Experiments were performed with male Wistar rats (Animal Center of Fudan University, Shanghai, China), weighing 200--230 g, housed in temperature- and humidity-controlled cages (20°C and 60% humidity) with free access to water and rodent food which were obtained from Animal Center of Fudan University, and a 12-h light/dark cycle. All protocols were approved by the Institutional Animal Care and Use Committee of Fudan University. All surgery was performed under sodium pentobarbital anesthesia at a dose of 40 mg/kg, and all efforts were made to minimize suffering, such as improving the quality of anaesthetic practices and investigating ways to reduce the risk of infections.

Experimental Protocol 1 ([Figure S1A](#pone.0064329.s001){ref-type="supplementary-material"}) {#s2b}
---------------------------------------------------------------------------------------------

Rats were randomly assigned into four groups: (i) control group: rats received a daily intraperitoneal (i.p.) injection of 1 ml saline for 7 days; (ii): gentamicin group (gent) : received a daily i.p. injection of gentamicin sulfate solution (Tianjin Pharmaceutical Company, China) at a dose of 100 mg/kg/BW for 7 days, which is well known to cause significant nephrotoxicity in rats [@pone.0064329-Yaman1], [@pone.0064329-Karahan1]; (iii) N~2~+gentamicin group (N~2~+gent) : rats pretreated with 70% nitrogen balanced with 30% oxygen for 2 hrs, followed by 7 days of gentamicin treatment initiated 24 hrs later, and repeatedly treated with 70% nitrogen for 30 minutes on day 2, 4, and 6 during the 7-day administration of gentamicin; (iv) Xe+gentamicin group (Xe+gent) : rats treated with 70% xenon (balanced with 30% oxygen) intermittently before and during the gentamicin administration, similar to the N~2~+gentamicin group. On the 2^nd^, 4th and 7th day, rats were placed in metabolic cages individually for 24 h and urine was collected for determination of creatinine clearance (Ccr) and N-acetyl-β-D-glucosaminidase (NAG). Six rats each group were sacrificed under anesthesia on days 2, 4, and 7 after the last gentamicin injection, respectively. Blood was taken from the abdominal aorta for the assay of creatinine and urea nitrogen. Kidneys were harvested and weighed, One kidney was for the analysis of histology, immunohistochemistry. One kidney was frozen in liquid nitrogen and stored at − 80°C for further assay.

Experimental Protocol 2 ([Figure S1B](#pone.0064329.s001){ref-type="supplementary-material"}) {#s2c}
---------------------------------------------------------------------------------------------

Rats were randomly divided into three groups including six animals each: (i) control: rats with no treatment; (ii) Xe: rats exposed to 70% xenon balanced with 30% oxygen for 2 hrs; (iii) N~2~: rats exposed to 70% N~2~ balanced with 30% oxygen for 2 hrs. Rats were sacrificed 24 hs later**.** Kidneys were rapidly removed for further assay.

Urinalysis and Blood Chemistry Examination {#s2d}
------------------------------------------

Urinary N-acetyl-β-D-glucosaminidase (NAG) level was determined by using standard diagnostic kit (Jiancheng Biotech., Nanjing, China) according to the manufacturer's instructions. Urine creatinine (Ucr), serum creatinine (Scr) and blood urea nitrogen (BUN) levels were measured using an automated analyzer (Vet test 8008, USA). Creatinine clearance (Ccr) was calculated according to the standard formula. Tumor necrosis factor alpha (TNF-α) in serum was determined using commercial enzyme-linked immunosorbent assay (ELISA) kits (R&D Systems, Inc., Minneapolis, USA) according to the manufacturer's instructions.

Histopathological Examinations {#s2e}
------------------------------

Kidney slices were fixed in 10% formalin, embedded in paraffin wax, cut into 5 µm sections and stained with hematoxylin and eosin. The tissues were evaluated by light microscopy. Histopathological scoring was performed by a pathologist unaware of the experimental protocol, according to the severity of tubular injury in renal cortex on a semi-quantitative scale [@pone.0064329-Jiang1]: no injury(0), mild: \<25% (1), moderate: \<50% (2), severe: \<75% (3) and very severe: \>75% (4). More than 20 consecutive fields were examined under 400× magnification.

TUNEL Staining {#s2f}
--------------

Terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL) method was used to assess apoptosis based on labeling of DNA strand breaks, according to the manufacturer's protocol (In situ Cell Death Detection kit, POD,Roche). The number of TUNEL-positive cells from 10 areas of randomly selected renal cortex was counted under a 40× objective lens of light microscope.

Immunohistochemistry {#s2g}
--------------------

Immunohistochemical staining was performed in 4 µm paraffinized sections. After dewaxed and dehydrated, the sections were incubated with 3% H~2~O~2~ for 10 min to eliminate endogenous peroxidase activity and were treated with normal goat serum for 20 min. Subsequently, they were incubated at 4°C overnight with primary antibodies against ED-1 (rabbit monoclonal, 1∶100, Novus, USA) or TNF-α (rabbit polyclonal, 1∶2000, Abcam, USA). Then the sections were incubated with horseradish peroxidase-conjugated secondary antibody (anti-rabbit IgG). After rinsing with PBS, the sections were stained with 3,3′-diaminobenzidine (Sigma), then counterstained with hematoxylin and evaluated under light microscopy.

Determination of Lipid Peroxide {#s2h}
-------------------------------

Malondialdehyde (MDA), as a naturally occurring product of lipid peroxidation, was determined using supernatant of the renal cortical homogenate, according to the manufacturer's protocol (TBARS Assay Kit, Cayman Chemical Company, USA).

Real-Time Reverse Transcription--PCR {#s2i}
------------------------------------

Total RNA from kidney tissue was extracted using Trizol (Invitrogen), followed by quantification, and then reverse-transcribed (PrimeScript® RT reagent Kit, TaKaRa, Japan). The cDNA product was used for real-time PCR (SYBR® Premix Ex Taq™ TaKaRa, Japan). The sequences of PCR primers (Sangon, shanghai, China) were as follows: HIF-1α forward 5′- CACTGC -ACAGGCCACATTCAT-3′, reverse 5′- AAGCAGGTCATAGGCGGTTTC-3′; HIF-2α forward 5′-GTCACCAGAACTTG TGC-3′, reverse 5′-CAAAGATGCTGTT-3′; VEGF forward 5′-CAGCTATTGCCG TCCAATTGCA -TGGA-3′, reverse 5′- CCAGGGCTTCATCATTGCA-3′; PHD1 forward 5′-GTGGCGAGGCAAGTTCTAGGC-3′, reverse 5′-CCTGCACAGTGGC GGATTAC-3′; PHD2 forward 5′- CCATGGTCGCCTGTTACCC-3′, reverse 5′- CGTACCTTGTGGCGTATGCAG-3′; PHD3 forward 5′- CCTGGTCTGATAGGA GGAGGTTT-3′, reverse 5′- GCCCTTTCTAGAGGCGATAATGT -3′; β-actin forward 5′- GATTACTGCCCTGGCTCCTA -3′,reverse 5′- TCATCGTACTCCTGC TTGCT-3′. Expression level of miR-21 was quantified using real-time reverse transcription**-**PCR with the Taqman chemistry (Applied Biosystems) as described previously [@pone.0064329-Liu1]. 5S ribosomal RNA and β-actin mRNA were used as endogenous control for miRNAs and mRNAs, respectively. The relative gene expressions were calculated in accordance with the ΔΔCt method. Relative mRNA levels were expressed as 2^−ΔΔCt^ (Tn) and ratios to control.

Preparation of Homogenates and Western Blot Analysis {#s2j}
----------------------------------------------------

The dissected renal cortices were homogenized in ice-cold lysis buffer (25 mmol/l Na-HEPES, 1 mmol/l EDTA, and 0.1 mmol/l PMSF). After being centrifuged at 10,000 g for 5 min at 4°C, the supernatant was collected. Samples (50 µg/Lane) were loaded and separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), and then transferred to polyvinylidine difluoride membranes. The membranes were blocked with 5% non-fat milk and hybridized with primary antibodies against HIF-1α (rabbit polyclonal 1∶500, Abcam, USA), HIF-2α (rabbit polyclonal 1∶1000, Novus, USA), prolyl-4-hydroxylase domain-containing proteins (PHD1, PHD2, PHD3, goat polyclonal, 1∶200, Sant Cruz Biotechnology Inc.), VEGF (polyclonal 1∶1000, Abcam, USA), followed by horseradish peroxidase-conjugated secondary antibodies and visualization with the enhanced chemiluminsecense system. Results were normalized with α-tubulin or GAPDH and expressed as ratios to control.

Statistical Analysis {#s2k}
--------------------

Statistical analysis was performed using the statistical software SPSS Version 16.0. Data were presented as means ± S.E., Differences between multiple-group means were evaluated by one-way ANOVA. A p-value \<0.05 was considered significant.

Results {#s3}
=======

Xe Treatment Protected Renal Function Against Gentamicin Injury {#s3a}
---------------------------------------------------------------

Animals showed marked deterioration of renal function following 7 days of daily gentamicin injections. This was characterized by significant increases in serum creatinine, blood urea nitrogen levels and a decrease in creatinine clearance level, which peaked at 48 hrs after the last injection (Scr, 1.42±0.21 mg/dl; BUN, 29.72±6.85 mmol/L; Ccr, 1.61±0.38 ml/min/kg.bw). Animals that underwent intermittent exposure to 70% Xe, balanced with 30% oxygen, exhibited slight, but not significant, reductions in Scr, BUN and an increase in Ccr level 48 hrs after the last injection of gentamicin (Scr, 1.00±0.11 mg/dl; BUN, 21.59±5.11 mmol/L; Ccr, 2.28±0.36 ml/min/kg.bw). At 4 days after the final gentamicin administration, there were significant improvements in renal functional parameters in the Xe+gentamicin group when compared with the gentamicin or N~2~+gentamicin control groups (Scr, 0.59±0.07 mg/dl *vs*. 1.18±0.27 mg/dl and 0.80±0.11 mg/dl; BUN, 12.47±5.40 mmol/L *vs.* 18.80±5.62 mmol/L and 24.25±13.21 mmol/L; Ccr, 4.06±0.62 ml/min/kg.bw *vs.* 2.47±0.38 ml/min/kg.bw and 2.37±0.40 ml/min/kg.bw, p\<0.05) ([Figure 1](#pone-0064329-g001){ref-type="fig"} A, B and C). Treatment with 70% N~2~ produced no significant reduction in kidney injury compared with the gentamicin-treated group.

![Xenon protected renal function against gentamicin-induced nephrotoxicity.\
A: serum creatinine concentration (Scr) from all groups 2, 4 and 7 days after 7-day gentamicin or saline injection. B: blood urea nitrogen concentration (BUN). C: creatinine clearance (Ccr). D: Urinary N-acetyl-β-D-glucosaminidase (NAG). Xenon treatment significantly attenuated the elevation of Scr, BUN, NAG and reduction of Ccr 4 days after 7-day gentamicin injection compared with the gentamicin group and N~2~+gentamicin group. \*P\<0.01 *vs.* control group; \#P\<0.05 *vs.* Xe+gentamicin group. n = 6/group at each time point.](pone.0064329.g001){#pone-0064329-g001}

NAG had higher activities in the urine of gentamicin administered animals 2 and 4 days after the final injection compared to the control (P\<0.01). The enzyme activities were significantly reduced in Xe treatment group when compared with the gentamicin group and N~2~ treatment group at the two time points (P\<0.05) ([Figure 1](#pone-0064329-g001){ref-type="fig"} D).

Functional Protection was Accompanied by Attenuation of Tubular Damage, Apoptosis, and Oxidative Stress, but not Inflammation {#s3b}
-----------------------------------------------------------------------------------------------------------------------------

Parallel to the deterioration of functional parameters, severe morphological damage occurred in the kidneys of rats in the gentamicin and N~2~+gentamicin groups, especially 48 hrs after the final gentamicin injection. The structural derangements were most prominent in the cortical proximal segments, and included massive tubular epithelial cell degeneration, desquamation and necrosis, naked basement membranes, proteinaceous or cellular casts, and inflammatory cell infiltration. In contrast, animals treated with Xe showed mild to moderate tubular epithelial changes, such as focal vacuolization, cytoplasmic granularity and sporadic cell necrosis ([Figure 2A](#pone-0064329-g002){ref-type="fig"}).

![Effect of xenon on renal morphology.\
A: representative images of the cortex of renal sections from all groups 2, 4 and 7 days after 7-day gentamicin or saline injection respectively. (hematoxylin-eosin staining, 100×).B: renal tubular injury assessed by histology grading scores in all groups. Xenon treatment significantly attenuated the renal tubular injury 2 and 4 days after 7-day gentamicin injection compared with the gentamicin group and N~2~+gentamicin group. \*P\<0.01 vs control group; \#P\<0.05 *vs.* Xe+gentamicin group, n = 6/group at each time point.](pone.0064329.g002){#pone-0064329-g002}

Morphologic evidence of gentamicin-induced nephrotoxicity was assessed using a histopathologic scoring of cortical tubular damage, which integrated tubular cell necrosis or swelling, tubular casts, brush border loss and interstitial inflammatory cell infiltration in 10 non-overlapping fields (20×magnification) of the cortex. The histologic score in the gentamicin group at the 48 hr time point was 3.50±0.22, which decreased significantly to 2.67±0.33 (*P*\<0.05) in the Xe treatment group. A similar change also occurred at the 4-day time point, which paralleled the improvement of renal function. The N~2~ treatment group showed no significant difference from gentamicin-treated group in histologic score ([Figure 2B](#pone-0064329-g002){ref-type="fig"}).

To estimate renal injury at cellular level, terminal deoxynucleotidyl transferase--mediated digoxigenin deoxyuridine nick-end labeling (TUNEL) staining was used to analyze apoptosis of renal cells. TUNEL-positive cells were prominent in renal proximal tubules ([Figure 3A](#pone-0064329-g003){ref-type="fig"}), which were significantly fewer in the Xe+gentamicin group (16.50±0.76) than the gentamicin group (20.40±0.91) in kidneys taken 2 days after the final injection (*P*\<0.05). Similar differences were also observed at the 4-day time point ([Figure 3](#pone-0064329-g003){ref-type="fig"} B). The N~2~ treatment group showed no significant difference from gentamicin-treated group in apoptosis at these two time points.

![Xenon treatment significantly attenuated cell apoptosis and decreased malondialdehyde (MDA) in the kidney.\
A: TUNEL-positive cells in renal sections from all groups 2 and 4 days after 7-day gentamicin injection. B: mean value of TUNEL-positive cells in renal sections from all groups. C: MDA concentration in renal tissue 4 days after 7-day gentamicin injection. \*P\<0.01, \*\*P\<0.05 *vs.* control group; \#P\<0.05 *vs.* Xe+gentamicin group, n = 6/group at each time point.](pone.0064329.g003){#pone-0064329-g003}

Malondialdehyde (MDA), a naturally occurring product of lipid peroxidation, is used as an indicator of oxidative stress injury [@pone.0064329-Yagi1]. Thiobarbituric Acid Reactive Substances (TBARS) assay was used to detect MDA content in renal tissues. We found that MDA concentration in renal cortical tissues was significantly reduced in Xe treatment group at 4 day after the last administration of gentamicin compared with the gentamicin group and N~2~ treatment group (1.87±0.02 µmol/L *vs.* 2.13±0.10 µmol/L and 2.06±0.05 µmol/L; P\<0.05) ([Figure 3](#pone-0064329-g003){ref-type="fig"} C).

To explore the effect of Xe treatment on inflammatory response in kidney, we examined the protein expression of a macrophage/monocyte marker (ED-1) and tumor necrosis factor-alpha (TNF-α). Immunohistochemical staining revealed that the expression of TNF-α was mainly localized to the injured tubulointerstitium and ED-1^+^ cells (macrophages) were abundant in peritubular spaces ([Figure 4](#pone-0064329-g004){ref-type="fig"} A and B). Quantitatively, expression of both proteins was significantly higher in three experimental groups compared with control group (P\<0.01), whereas there were no significant differences in expression between the Xe+gentamicin, gentamicin, and N~2~+gentamicin treated groups (P\>0.05) ([Figure 4](#pone-0064329-g004){ref-type="fig"} C and D). The serum TNF-α concentration was significantly elevated in three experimental groups compared with control group (P\<0.01), while there were no significant differences between the Xe+gentamicin, gentamicin, and N~2~+gentamicin treated groups (P\>0.05) ([Figure 4](#pone-0064329-g004){ref-type="fig"} E). These results indicated that Xe treatment did not attenuate inflammation in gentamicin-injured kidney.

![Immunohistochemical staining of ED-1 and TNF-α in renal sections.\
Representative photomicrographs, 100×, A--B: brown color indicates positive staining. A: the expression of ED-1 in kidneys 2 and 4 days after 7-day gentamicin injection. B: the expression of TNF-α in kidneys. C: mean value of ED-1 positive cells in renal sections from all groups. D: scores of TNF-α staining-positive areae in renal sections from all groups. E: Serum TNF-α level. There were no significant difference in expression of ED-1 and TNF-α in kidney between gentamicin group, N~2~+gentamicin group and Xe+gentamicin group. The level of serum TNF-α was not significantly different between the experimental groups. \*P\<0.01 *vs.* control group, n = 6/group at each time point.](pone.0064329.g004){#pone-0064329-g004}

Xe Pretreatment Induced Expression of HIF-2α and its Downstream Effector, but did not Affect HIF-1α {#s3c}
---------------------------------------------------------------------------------------------------

To explore the underlying mechanisms of Xe-induced renoprotection, we employed an additional experiment in which animals were treated with 70% Xe or 70% N~2~ balanced with 30% oxygen for 2 hrs. We then isolated the rat kidneys 24 hours later and measured HIF-1α and HIF-2α expression and a selected downstream effector VEGF. Quantitative RT-PCR analysis of mRNA expression showed that HIF-2α and VEGF were significantly higher in Xe pretreatment group than in the N~2~-pretreatment group and control (P\<0.05), while the HIF-1α mRNA expression was not affected ([Figure 5A](#pone-0064329-g005){ref-type="fig"}).

![Xe pretreatment up-regulated HIF-2α and VEGF, but not HIF-1α.\
A: the relative mRNA levels of HIF-1α, HIF-2α and VEGF by real-time reverse transcriptase-PCR analysis from N~2~ group and Xe group 24 hrs after N~2~ or Xe pretreatment alone. Xe upregulated the mRNA level of HIF-2α and VEGF, but not HIF-1α. B--F: representative images of western blot analysis of HIF-1α, HIF-2α and VEGF from N~2~ group and Xe group 24 hrs after N~2~ or Xe pretreatment alone, and from gentamicin group, N~2~+gentamicin group, Xe+gentamicin group and control 48 hrs or 4 days after 7-day gentamicin administration. Relative intensities of HIF-1α, HIF-2α and VEGF blots normalized to control. B: Xe or N~2~ pretreatment or gentamicin administration did not affect HIF-1α. 24 hrs after N~2~ or Xe pretreatment alone or 48 hrs after 7-day gentamicin administration. HIF-1α barely detectable level in all groups. C-D: Xe pretreatment or gentamicin treatment significantly up-regulated HIF-2α and VEGF 24 hrs after Xe pretreatment alone or 48 hrs after 7-day gentamicin administration. E-F: Xe+gentamicin group significantly up-regulated HIF-2α and VEGF 4 days after 7-day gentamicin administration. \*P\<0.05, \*\*P\<0.01 *vs.* control group, \#P\<0.05 vs Xe+gentamicin group, n = 5--6.](pone.0064329.g005){#pone-0064329-g005}

As showed in [Figure 5](#pone-0064329-g005){ref-type="fig"}, parallel to alteration of the mRNA levels, Xe pretreatment upregulated the protein expression of HIF-2α and VEGF in kidney, but not HIF-1α. We found that gentamicin administration also upregulated HIF-2α and VEGF protein expression, and there were no significant differences in expression 48 hrs after 7-day gentamicin administration between the gentamicin-treated, Xe+gentamicin and N~2~+gentamicin groups. However, at 4 days after the last gentamicin administration, HIF-2α and VEGF were significantly higher in Xe+gentamicin group than in the gentamicin and N~2~+gentamicin groups (P\<0.05). In all experimental groups, HIF-1α was unaffected and only present at a barely detectable level.

Effect of Xe Pretreatment on Expression of PHDs in Kidney {#s3d}
---------------------------------------------------------

HIF prolyl hydroxylases, PHD1, PHD2, and PHD3, have been reported to contribute to the regulation of both HIF-1α and HIF-2α [@pone.0064329-Appelhoff1], [@pone.0064329-Lieb1], however the effects of the PHDs on different HIF-α isoforms were not equivalent.^26^ We found that 24 h after exposure to 70% Xe mRNA expression of PHD1 significantly decreased in the renal cortex, while PHD2 significantly increased, and PHD3 was not affected. The PHDs mRNA levels were not significantly different in N~2~-treated group, compared with control ([Figure 6](#pone-0064329-g006){ref-type="fig"} A). Furthermore, the protein expression of PHD1, PHD2, and PHD3 in the cortex paralleled to patterns of the mRNAexpression ([Figure 6](#pone-0064329-g006){ref-type="fig"} B). From the consistent changes in mRNA and protein expression of PHDs in the renal cortex, we could speculate that Xe treatment may regulate PHDs at the transcriptional level.

![Xe pretreatment up-regulated PHD2, down-regulated PHD1, but did not affect the expression of PHD3.\
A: the relative mRNA levels of PHD1, PHD2 and PHD3 by real-time reverse transcriptase (RT)-PCR analysis in kidney 24 hrs after 70% N~2~ or 70% Xe pretreatment alone. B: representative images of western blot analysis of PHD1, PHD2 and PHD3 in kidney 24 hrs after N~2~ or Xe pretreatment alone. Relative intensities of PHD1, PHD2 and PHD3 blots normalized to control. \*P\<0.05 *vs*. control group.](pone.0064329.g006){#pone-0064329-g006}

Xe Pretreatment Upregulated miR-21 {#s3e}
----------------------------------

The role of miRNAs in gentamicin-induced acute kidney injury is not known. It has been shown that miR-21 is a strong anti-apoptotic factor [@pone.0064329-Chan1], [@pone.0064329-Cheng1]. Given that Xe treatment attenuated tubular cell apoptosis (see above), we measured expression of miR-21 in our renal cortex samples by Taqman real-time PCR. Interestingly, we found that Xe pretreatment significantly upregulated miR-21 expression in adult rat kidney at 24 hr after 70% Xe exposure (P\<0.05) ([Figure 7](#pone-0064329-g007){ref-type="fig"} A). We also found that gentamicin treatment activated miR-21 expression at 4 day after 7-day gentamicin administration, and Xe+gentamicin group showed higher miR-21 expression than either the gentamicin or N~2~+gentamicin group ([Figure 7](#pone-0064329-g007){ref-type="fig"} B).

![Expression of miR-21 in rat kidneys.\
A: Xe pretreatment significantly upregulated miR-21 in rat kidneys 24 hrs after Xe pretreatment. B: gentamicin treatment significantly up-regulated miR-21 4 days after 7-day gentamicin administration, which was further increased by Xe. \*P\<0.05 *vs*. control group, \*\*P\<0.01 *vs*. control group, \#P\<0.05 *vs.* Xe+gentamicin group, n = 5--6.](pone.0064329.g007){#pone-0064329-g007}

Discussion {#s4}
==========

This study shows for the first time that intermittent exposure to Xe could protect against gentamicin-induced nephrotoxicity. To date, most studies on xenon have focused on the effect of pre-conditioning and organoprotection against ischemia-reperfusion injury. In the kidney, Ma et al. [@pone.0064329-Ma2] demonstrated that Xe preconditioning protected against renal ischemic-reperfusion injury in mice via increased expression of HIF-1α. Rizvi et al. [@pone.0064329-Rizvi1] found that 75% Xe had a protective effect on oxygen and glucose deprived human tubular kidney cells by increasing expression of p-Akt, HIF-1α and Bcl-2. The present study was the first to examine the effect of Xe on drug nephrotoxicity, and showed that intermittent exposure to Xe both before and during gentamicin administration provided significant morphological and functional protection against gentamicin-induced nephrotoxicity. This study explores a new idea, and will be a platform for more follow-up basic sciences and clinical studies on this inert gas in the role of renal protection.

Gentamicin injury in the kidney is characterized by renal tubular epithelial cell necrosis, apoptosis, inflammatory response, oxidative stress, and vascular contraction. Dysfunction of mitochondria is one of the earliest indexes of gentamicin-induced nephrotoxicity, which produces excessive ROS, resulting in morphological and functional changes. Resent study demonstrated that application of a mitochondria-targeted antioxidant SkQR1 provided renoprotective effects against gentamicin-induced nephrotoxicity and renal ischemia-reperfusion injury in rats via normalizing the level of ROS and lipid peroxidized products in kidney mitochondria [@pone.0064329-Jankauskas1], [@pone.0064329-Plotnikov1]. Silachev et at. [@pone.0064329-Silachev1] demonstrated that both renal ischemic preconditioning and antioxidant SkQR1 could induce the release of EPO from the kidney, and ameliorated brain damage through kidney-to-brain cross-talk. The present study showed that Xe attenuated tubular necrosis, apoptosis, and oxidative stress, but did not affect inflammation. Moreover, we found that both 70% xenon and gentamicin treatment upregulated HIF-2α and its downstream effector VEGF. Xe combined with gentamicin significantly up-regulated HIF-2α and VEGF 4 days after 7-day gentamicin administration. The mechanism underlying upregulation of HIF-2α might be multifold. ROS could be an additional factor that induces expression of HIF and activate protective pathways. It appears that the renoprotective effect of Xe against gentamicin injury might involve up-regulation of HIF-2α and its downstream effectors, such as VEGF and EPO.

Expression of HIF1-α and HIF2-α can be induced in the kidney differentially depending on the type of stimulus, renal cell type and kidney zone [@pone.0064329-Rosenberger1], [@pone.0064329-Wang1]. HIF-2α upregulates expression of many genes involved in erythropoiesis, glycolysis, and angiogenesis, like VEGF [@pone.0064329-Steenhard1] and EPO [@pone.0064329-Scortegagna1]--[@pone.0064329-Paliege1], which are important for maintenance of normal kidney functions. Kojima et al. [@pone.0064329-Kojima1] demonstrated that HIF-2α conferred protection against ischemic kidney injury by reducing oxidative stress, and that upregulation of HIF-2α in the endothelium ameliorated renal damage resulting from ischemia-reperfusion injury. HIFs consist of distinct α-subunits (HIF-1a, HIF-2a, or HIF-3a) and a common β-subunit [@pone.0064329-Appelhoff2], and are regulated by prolyl-4-hydroxylase domain-containing proteins (PHD1, PHD2, PHD3) via hydroxylation of proline residues on HIF-a subunits. All PHD isoforms have been detected in the kidney and they all regulate the expression of HIF [@pone.0064329-Appelhoff2], [@pone.0064329-Li1]. Previous studies indicated that the actions of the PHDs on different HIF-α isoforms were not equivalent, with PHD2 having greater influence on HIF-1α than HIF-2α. Conversely, PHD3 was found to have more influence on HIF-2α than HIF-1α [@pone.0064329-Appelhoff2]. Wang et al. [@pone.0064329-Wang2] demonstrated that inhibition of PHDs prior to renal ischemic reperfusion protected the kidney via stabilization of HIF-1α and -2α and up-regulation of HIF target genes. We recently reported that HIF-1α and HIF-2α could be selectively activated by PHD inhibitor L-mimosine under different physiological conditions [@pone.0064329-Yu1]. In the present study, we found that Xe pretreatment downregulated PHD1 and upregulated PHD2, but did not affect PHD3 expression in the renal cortex. We speculate that both PHD1 and PHD2 might participate in regulation of HIF-2α. Downregulation of PHD1 initially might activate HIF-2α. A high level of HIF-2α could then increase the activity of PHD2, limiting the up-regulation of HIF-2α. The precise interplay between isoforms of PHD and HIF in Xe exposure and gentamicin nephrotoxicity remains to be elucidated.

miRNA is a recently discovered class of regulatory RNA molecules that regulate gene expression primarily at the post-transcriptional level [@pone.0064329-Liang1]. miRNAs are known to play an important and ubiquitous role in many vital biological processes including development, cell differentiation, proliferation and apoptosis. Several miRNAs, such as the miR-29 family, miR-382 and miR-21, have been shown to be relevant to renal injury and repair [@pone.0064329-Liu1], [@pone.0064329-Godwin1]--[@pone.0064329-Xu1]. miR-21 has been shown to promote proliferation, inhibit apoptosis, and act as a strong anti-apoptotic factor [@pone.0064329-Chan1], [@pone.0064329-Cheng1], [@pone.0064329-Godwin1]. Our previous work showed that up-regulation of miR-21 contributed to the protection against renal ischemia-reperfusion injury, including renal cell apoptosis, conferred by ischemic preconditioning [@pone.0064329-Xu1]. In this study, we found that Xe upregulated miR-21, a strong anti-apoptotic factor, in kidney and attenuated tubular cell apoptosis, miR-21 might contribute to Xe-conferred amelioration of gentamicin-induced renal injury.

There are some possible limitations of this gas such as high cost and scarcity, which limite its use to small numbers of experimental and clinical trials, and a complete adverse profile of xenon was unknown because of a limited number of studies. However, the safety and efficiency of xenon anesthesia has been evaluated in large clinical trials [@pone.0064329-Wappler1], and with the development of xenon-closed circuit delivery system and advance in gas extraction technology, xenon dosing and cost would decrease substantially [@pone.0064329-Faulkner1]. Considering the cost and its possible toxicity, the use of Xe should be cautious.

In summary, the present study has revealed a novel effect of Xe in protection against gentamicin nephrotoxicity. Further experimental studies and clinical trials on Xe would be valuable in providing further insight into Xe renoprotection and its clinical application.
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**Experimental protocols 1 (A) and 2 (B).** NS, normal saline; Xe, xenon; N~2~, nitrogen; gent, gentamicin; N~2~+g, nitrogen+gentamicin; Xe+g, xenon+gentamicin; RF, renal function; TUNEL, Terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling; IHC, immunohistochemistry; q-PCR, quantitative polymerase chain reaction; WB, western blot.
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Click here for additional data file.
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